In rhizobia, besides the constitutive acyl carrier protein (AcpP) involved in the biosynthesis and transfer of common fatty acids, there are at least three specialized acyl carrier proteins (ACPs) : (1) the flavonoid-inducible nodulation protein NodF ; (2) the RkpF protein, which is required for the biosynthesis of rhizobial capsular polysaccharides ; and (3) AcpXL, which transfers 27-hydroxyoctacosanoic acid to a sugar backbone during lipid A biosynthesis. Whereas the nucleotide sequences encoding the three specialized ACPs are known, only the amino acid sequence of the AcpP of Sinorhizobium meliloti was available. In this study, using reverse genetics, the genes for the constitutive AcpPs of S. meliloti and of Rhizobium leguminosarum were cloned and sequenced. Previously, it had been shown that NodF and RkpF can be overproduced in Escherichia coli using the T7 polymerase expression system. Using the same system, the constitutive AcpPs of S. meliloti and of R. leguminosarum , together with the specialized ACP AcpXL, were overproduced and purified. All the known ACPs of rhizobia can be labelled in vivo during expression in E. coli with radioactive β-alanine added to the growth medium due to their modification with a 4'-phosphopantetheine prosthetic group. The availability of all functionally different ACPs should help to unravel how different fatty acids are targeted towards different biosynthetic pathways in one organism.
INTRODUCTION
Biosynthesis and transfer of fatty acids is of major importance during the formation of biological membranes, storage lipids, or certain amphiphilic signal molecules [i.e. Nod factors in rhizobia or autoinducers in Gram-negative bacteria (Fuqua et al., 1996) ]. In higher animals, fatty acid biosynthesis occurs on a multienzyme complex whereas in bacteria, fatty acids are formed by the catalytic activity of a number of monofunctional enzymes. In the latter organisms, a small acidic protein carries the growing fatty acyl chains via a thioester linkage of a 4h-phosphopantetheine prosthetic group, which itself is Abbreviations : ACP, acyl carrier protein ; iPCR, inverse PCR.
The GenBank accession numbers for the nucleotide sequences reported in this paper are AF159244 and AF159243 for the acpP-containing regions of Sinorhizobium meliloti 1021 and of Rhizobium leguminosarum LPR5045, respectively. attached to a conserved serine residue. This protein is called acyl carrier protein (ACP). In bacteria, ACPs are involved not only in the synthesis of fatty acyl chains, but also in their transfer during phospholipid, lipid A or α-haemolysin biosynthesis (Issartel et al., 1991 ; Jackowski et al., 1991) . In Escherichia coli, all these functions seem to be realized by a single and absolutely essential ACP which is produced constitutively from the acpP gene (Jackowski et al., 1991 ; Rawlings & Cronan, 1992) and which is now named AcpP. Some bacteria have additional ACPs which are involved in the biosynthesis of special β-ketides or fatty acids Shearman et al., 1986) . In rhizobial species infecting legume plants of the Trifolieae, Vicieae, and Galegeae tribes, one specialized ACP, the nodulation protein NodF, is involved, together with NodE, in the synthesis of polyunsaturated fatty acids which are host-specific substituents of nodulation (Nod) factors (Yang et al., 1999) . In addition to AcpP and NodF, there are at least two additional ACPs in rhizobia. The first was identified as the rkpF gene product at the fix23 locus in Sinorhizobium meliloti 41 (Petrovics et al., 1993 ; Reuhs, 1996 ; Epple et al., 1998) . The second novel ACP is involved in the transfer of the unusually long 27-hydroxyoctacosanoic acid to a sugar backbone during lipid A biosynthesis in Rhizobium leguminosarum and has been named AcpXL (Brozek et al., 1996) . The overall amino acid sequence identities of these four ACPs range from only 26 to 32 % (Brozek et al., 1996) , and a well-conserved amino acid region can only be observed around the phosphopantetheine-binding site. However, the three-dimensional structure of the AcpP of E. coli has been determined (Kim & Prestegard, 1990) and an initial characterization of the secondary structure and the general tertiary fold of the NodF protein (Ghose et al., 1996) demonstrates that the overall structures of ACPs are surprisingly well conserved. In spite of the general structural similarity between NodF and AcpP of E. coli, AcpP cannot substitute for NodF in vivo in the synthesis of polyunsaturated fatty acids (Ritsema et al., 1998) . Furthermore, these authors have shown that the NodF-specific functions are encoded in the C-terminal half of the protein. The presence in rhizobia of four different ACPs offers an unusual opportunity for investigation of the structure-function relationship of the ACPs. The nodF gene of R. leguminosarum bv. viciae had been cloned in the pET9a vector (Ritsema et al., 1994) . With this system it is possible to overexpress NodF in E. coli to comprise 40 % of the total soluble cell protein (Ghose et al., 1996) . In an analogous way, the rkpF gene of S. meliloti has been cloned and its protein product overproduced in E. coli (Epple et al., 1998) . Overexpression of the different rhizobial ACPs will allow detailed structural investigations. Also, the different rhizobial ACPs will be invaluable tools for comparative biochemical studies in which acyl-ACPs are used as cosubstrates. In particular, the constitutive AcpP of S. meliloti will be required to elucidate the biosynthesis of a phosphorus-free ornithine-derived lipid recently described in this species (Geiger et al., 1999) . In the present study the acpXL gene from R. leguminosarum was amplified using the PCR technique and cloned in an overexpression vector. Previously, only the amino acid sequence of the constitutive ACP of S. meliloti was known (Platt et al., 1990) . Using reverse genetics, we have cloned and sequenced the acpP gene of S. meliloti and of R. leguminosarum. Furthermore, we have established the methods for the overproduction and subsequent purification of AcpXL and rhizobial AcpPs. In vivo labelling of the ACP-overproducing E. coli strains with β-alanine has shown that each of the four ACPs of rhizobia can be post-translationally modified in E. coli with a 4h-phosphopantetheine prosthetic group.
METHODS
Bacterial strains, plasmids and media. The strains and plasmids used in this study are listed in Table 1 . E. coli DH5α was used for cloning purposes. E. coli BL21(DE3) (Studier et al., 1990) , which expresses the T7 polymerase under the control of the lac promoter, was used as a host for the overproduction of ACPs. E. coli strains were grown at 37 mC in Luria-Bertani (LB) medium (Sambrook et al., 1989) , except for large-scale cultures for the overproduction of ACPs that were grown in M9 minimal medium (Miller, 1972) . Antibiotics were added, when required, to obtain the following final concentrations (µg ml -") : carbenicillin, 100 ; kanamycin, 50 ; and chloramphenicol, 20.
DNA techniques and DNA sequence analysis. DNA manipulations were carried out using standard procedures (Sambrook et al., 1989) . Labelling of DNA probes and colorimetric detection were carried out with the DIG-DNA labelling and detection kit of Boehringer Mannheim. DNA sequencing was performed using the dideoxy chain-termination method (Sanger et al., 1977) using the T7 Sequenase 7-deaza-dGTP sequencing kit (Amersham). Plasmids for DNA sequencing were isolated using a QIAprep Spin Miniprep kit (Qiagen). When required, PCR products were purified using the QIAquick PCR purification kit (Qiagen). DNA and derived protein sequences were analysed with the  search program (Altschul et al., 1997) . Alignments of DNAs or amino acid sequences were done with the program  at the Genestream network server IGH Montpellier, France (http :\\ vega.igh.cnrs.fr\bin\lalign-guess.cgi).
Cloning of the acpP gene of S. meliloti. This was was carried out in three steps.
(1) Cloning of the first half of the acpP gene. Two degenerate oligonucleotides were used in a PCR to amplify and subsequently clone that part of the gene encoding the aminoterminal half of the AcpP of S. meliloti. These oligonucleotides were deduced from the amino acid sequence of different ACPs, among them the sequence of the AcpP of S. meliloti 1021 (Platt et al., 1990) . The forward primer oACP4 was based on the amino terminus of constitutive ACPs and the backward primer oACP3 was based on the conserved phosphopantetheinebinding region of several ACPs (Fig. 1) . Using genomic DNA of S. meliloti 1021 as a template PCR was carried out with degenerate primers (oACP3 and oACP4), Taq polymerase (MBI Fermentas) and a PCR programme especially designed for degenerate oligonucleotides. The programme started with 3 cycles consisting of 30 s at 94 mC, 30 s at 37 mC and 30 s at 72 mC, and was followed by 30 cycles with identical parameters except that the annealing temperature was 55 instead of 37 mC. The products of the PCR reaction were separated in a 3 % NuSieve R GTG R agarose (FMC Bioproducts) gel and the DNA fragment migrating according to the expected size of 140 bp was excised. The piece of agarose was melted for 10 min at 65 mC and a 10-fold dilution was used as template in a new round of PCR with degenerate oligonucleotides oACP4 and oACP3. For this second round of PCR, conditions of amplification were 30 cycles each of 30 s at 94 mC, 30 s at 65 mC and 20 s at 72 mC. The products were purified, digested with NdeI and BamHI and ligated to pET9a that had been digested with the same enzymes. Four transformants carrying pET9a with an insert of 120-140 bp were sequenced using oligonucleotides oACP4 and oACP3. Plasmid pTB5013 harbours a fragment with an internal core sequence of 67 nucleotides encoding amino acids 11-32 of AcpP of S. meliloti (Platt et al., 1990) .
(2) Amplification and cloning of inverse PCR (iPCR) products to identify the full-length coding sequence of AcpP. Essentially the iPCR method described by Triglia et al. (1988) was followed. A pair of divergent oligonucleotide primers (oTBC16 : BamHI, HindIII 5h-AAAGGATCC GCA AGC TTC ATC GAT GAC-3h ; and oTBC18 : BamHI, SalI 5h-AAAGGATCCGC GTC GAC GCC AAG ATG ATC-3h ; restriction sites are underlined and respective enzymes are given before the sequence) were designed from the internal sequenced region (67 bp) of the acpP gene cloned in pTB5013 (Fig. 2a ) in such a way that they annealed to the target DNA template 18 bp apart and their 3h termini were in opposite directions. S. meliloti 1021 genomic DNA was completely digested with individual restriction enzymes, the DNA was cleaned using phenol\chloroform extraction followed by ethanol precipitation, and was then used for self-circularization by ligase treatment at low DNA concentrations (Maiti & Ghosh, 1996 ; Triglia et al., 1988) . iPCR reactions were performed with the self-circularized DNA samples using the standard reaction mixture, primers oTBC16 and oTBC18 and Taq polymerase. After a preheating step (95 mC, 30 min), conditions for amplification were 50 cycles each consisting of 45 s at 94 mC, 45 s at 65 mC and 150 s at 72 mC. A specific fragment of 1n5 kb from the KpnI digest was purified on an agarose gel. After digestion of the purifed fragment with KpnI and HindIII, the DNA sequences downstream of the acpP gene were cloned in pUC18 that had been digested with the same two enzymes ( Fig. 2a ; plasmid pTB5021). After digestion of the 1n5 kb iPCR product with SalI, a SalI fragment of 214 bp carrying sequences upstream of the acpP gene was cloned in pUC18 that had been digested with SalI ( Fig. 2a ; plasmid pTB5030).
(3) Cloning of the acpP gene of S. meliloti in the overexpression plasmid pET9a. When the complete DNA sequence encoding the AcpP of S. meliloti had been determined, the ORF was amplified from genomic DNA of S. meliloti 1021 using homologous primers oTBC19 (NdeI 5h-AGGAATA CAT ATG AGC GAT ATC GCA GAA CG-3h) and oTBC20 (BamHI 5h-AAAGGATCC TCA GGC CTG GGC TTT CTC-3h), together with cloned Pfu DNA polymerase (Stratagene). The PCR product was digested with NdeI and BamHI and ligated with pET9a also digested with these enzymes. After transformation in DH5α, plasmids with an insert of the correct size were selected and sequenced. They all showed the same DNA sequence and pTB5035 was chosen for further studies.
Cloning of the acpP gene of R. leguminosarum. The same specific primers (oTBC19 and oTBC20) used for amplification of the acpP gene of S. meliloti were used for the amplification and subsequent cloning in pET9a of the gene encoding the constitutive AcpP of R. leguminosarum LPR5045. Identical DNA sequences were obtained from several inserts derived from independent PCR amplifications. By this method the Shearman et al. (1986) , Platt et al. (1990) , Sherman et al. (1989) , and Bibb et al. (1989) . Specialized ACPs gra from Streptomyces violaceoruber and tcm from Streptomyces glaucescens are involved in granaticin and tetracenomycin biosynthesis, respectively.
core DNA region encoding the AcpP of R. leguminosarum was obtained.
To determine the DNA sequence flanking this internal core region, a pair of divergent primers for iPCR were selected. One of the primers used was oTBC18, which anneals 100 % in the last 13 nucleotides of the 3h end to the DNA of R. leguminosarum and adds a SalI site which is not present in the DNA of R. leguminosarum. A new primer specific for DNA sequences of acpP of R. leguminosarum was designed, oTBC25 (BamHI, 5h-AAAGGATCCTTTCGAA GAA GAA TTC GGC-3h), which annealed 80 bp apart from oTBC18 and the 3h terminus of which was in the opposite direction. Genomic DNA of R. leguminosarum LPR5045 was digested, religated and used in iPCR reactions with primers oTBC18 and oTBC25 as described for genomic DNA of S. meliloti. A specific product of 1n2 kb was obtained with a SalI digest. Making use of the restriction sites introduced by the primers, the sequences upstream of the acpP were cloned as a SalI fragment (pTB5062) and those downstream of the acpP gene as a BamHI\SalI fragment (pTB5065) (Fig. 2b) . Sequencing of the iPCR fragments revealed that the oligonucleotide oTBC19 was identical to corresponding DNA sequences of the acpP of R. leguminosarum. The oligonucleotide oTBC20 differed only in one base pair (A at position 225 instead of G) from corresponding DNA sequences of the acpP of R. leguminosarum. As this change is in the third position of the respective codon it encodes K in both cases and does not lead to any difference in the amino acid sequence of AcpP of R. leguminosarum. Therefore, oTBC19 and oTBC20 were used to amplify acpP of R. leguminosarum and after cloning in pET9a the plasmid obtained (pTB5040) was chosen for overproduction of AcpP of R. leguminosarum.
Cloning of the acpXL gene of R. leguminosarum and of the acpP gene of E. coli in pET9a. Based on the DNA sequence of the acpXL gene (Brozek et al., 1996 ; GenBank accession no. AF081835), a pair of homologous primers was designed for the PCR amplification. In the forward primer oTBC12 (5h-GGAATACATATG ACC GCT ACA TTC GAT AAA G-3h), the GTG starting codon occurring in R. leguminosarum (Brozek et al., 1996) was changed to ATG and a NdeI restriction site was added. The backward primer oTBC13 (5h-AAAGGATCC TCA GGC CTT GGC CGC-3h) adds a BamHI restriction site. As template, genomic DNA of R. leguminosarum LPR5045 was used. Design of the primers for amplification of the acpP gene of E. coli was based on the DNA sequence of the gene (Rawlings & Cronan, 1992 ) (GenBank accession no. M84991), the forward primer being oTBC30 (NdeI, 5h-AGGAATACAT ATG AGC ACT ATC GAA GAA CG-3h) and the backward primer oTBC31 (BamHI, 5h-AAAGGATCC TTA CGC CTG GTG GCC GTT G-3h). As template, genomic DNA of E. coli DH5α was used. After purification of the amplified products, they were digested with NdeI and BamHI and ligated to pET9a that had been previously digested with the same two enzymes. After transformation of DH5α, plasmids with inserts of the correct size were selected and sequenced. Plasmid pTB5011 carries a DNA insert of identical sequence as that published for acpXL by Brozek et al. (1996) except that the starting GTG codon is changed to ATG. Plasmid pTB5079 carries a DNA insert of identical sequence to the one previously published for acpP of E. coli by Rawlings & Cronan (1992) .
Overproduction of ACPs in E. coli. E. coli strain BL21(DE3) (Studier et al., 1990) was individually transformed with the selected plasmid for overproduction of the respective ACP. In the case of the AcpPs, which are known to be toxic to E. coli when cloned in a high-copy-number plasmid, E. coli strain BL21(DE3) carrying the plasmid pLysS was used as host. The presence of pLysS represses the basal activity of the T7 polymerase.
Small-scale overproduction was used for establishing the best conditions for each of the ACPs produced. Cultures of 30 ml in LB medium containing the required antibiotics were grown at 37 mC to an OD '#! of approximately 0n4, then IPTG was added to a final concentration of 0n1 mM and cells were harvested by centrifugation at different time points after induction. The cell pellet was resuspended in 1n5 ml of 50 mM Tris\HCl, 0n1 M KCl, pH 6n8 and kept frozen at k20 mC. After thawing, the cells were broken by a single passage through a French press at 20 000 p.s.i. (138 MPa). Broken cell suspensions were centrifuged for 5 min in an Eppendorf centrifuge at 15 000 r.p.m. and the supernatants were analysed for the presence of the overproduced protein by 20 % native PAGE (Jackowski & Rock, 1983) .
For large-scale overproduction of ACPs, the strains were grown at 37 mC in 2 l flasks containing 500 ml M9 minimal medium supplemented with the appropriate antibiotics. At an OD '#! of 0n4, IPTG was added to a final concentration of 0n1 mM and cells were harvested by centrifugation 4 h later. The cell pellets (1 vol.) were resuspended in 10 vols of either 50 mM Tris\HCl, 0n1 M KCl, pH 6n8 in the case of AcpXL and E. coli AcpP, or of 50 mM MOPS\KOH, 6 mM MgSO % , 1 mM DTT, pH 7n4 in the case of rhizobial AcpPs and kept frozen at k20 mC. After thawing, the cells were broken by passing the suspension twice through a French press at 20 000 p.s.i. The lysates were centrifuged at 7000 g for 20 min at 4 mC and the supernatants were used as cell-free extracts.
In vivo labelling of rhizobial ACPs with β-alanine. In vivo labelling of ACPs with β-alanine, the biosynthetic precursor of 4h-phosphopantetheine, was carried out essentially as described by Epple et al. (1998) . A β-alanine auxotroph, strain OG7001 (Epple et al., 1998) , was transformed with pLysS and the new strain OG7001(pLysS) was individually transformed with the different plasmids for overproduction of ACPs or with pET9a. The presence of the pLysS plasmid facilitates the lysis of the cell pellets.
Purification of ACPs. NodF from R. leguminosarum (Ghose et al., 1996) and RkpF from S. meliloti (Epple et al., 1998) were purified as described before with the exception that 2-propanol was removed by rotatory evaporation, as described below, instead of by dialysis.
The procedure described below was applied to extracts obtained from cells of 2 l cultures. For the purification of AcpXL, cold 2-propanol was added dropwise to a cell-free extract of the E. coli strain overproducing the ACP to a final concentration of 60 % (v\v). After 60 min at 4 mC, the precipitate was removed by centrifugation at 7000 g at 4 mC for 20 min. The supernatant was concentrated by rotatory evaporation to remove the 2-propanol and then applied to a 30 ml column of DEAE-52 cellulose (Whatman), which had been equilibrated with 50 mM Tris\HCl pH 6n8, 1 mM CHAPS. The column was washed with 90 ml buffer A (10 mM Bistris\HCl pH 6, 1 mM CHAPS). Elution was performed with a linear gradient from 0 to 1 M NaCl in buffer A in a total volume of 160 ml. Fractions of 3 ml were collected and analysed by PAGE.
For the purification of AcpPs of rhizobia, cold 2-propanol was added dropwise to the cell-free extracts to a final concentration of 20 %. After 60 min at 4 mC, the precipitate was removed by centrifugation at 7000 g at 4 mC for 20 min. The supernatant was applied to a 30 ml DEAE-52 cellulose column equilibrated with buffer A containing 1 mM DTT. Washing and elution of the column were as described for the chromatography of AcpXL with the exception that all buffers contained 1 mM DTT. Fractions containing AcpP were pooled and after dialysis against 5 mM Tris\HCl pH 6n8 at 4 mC overnight, the volume was reduced by a sixth by rotatory evaporation. Because the rhizobial ACPs run distinctly ahead of the E. coli AcpP in the non-denaturing PAGE (Platt et al., 1990 ; Figs 3 and 4) , the concentrated samples carrying the overproduced AcpP of rhizobia were further purified by a preparative native PAGE (1n5 mm thick gels) in order to obtain separation from the E. coli AcpP. The unstained gel band containing the rhizobial AcpP (after identification by parallel staining) was sliced into small pieces and the AcpP protein was electroeluted with a Schleicher & Schuell Biotrap electroseparation system. Electroelution was carried out for 7 h at 200 V.
AcpP of E. coli was purified from the overproducing strain using the same protocol as described for the purification of AcpXL.
RESULTS

Cloning of the acpP gene of S. meliloti
The DNA sequences of the genes encoding the three specialized ACPs described in rhizobia, NodF, RkpF and AcpXL, are known. However, only the amino acid sequence of the constitutive AcpP of S. meliloti has been reported (Platt et al., 1990) . Our aim was to overproduce and purify the four functionally different ACPs of rhizobia using the T7 polymerase expression system (Studier et al., 1990) .
Initially, we tried to amplify the whole gene encoding AcpP by PCR using degenerate oligonucleotides that were based on the amino acid sequence of S. meliloti. These degenerate primers did not give amplification of the desired product in any of the various conditions assayed (data not shown). We then decided to amplify part of the acpP gene using a pair of degenerate oligonucleotides, the sequences of which were derived from the alignment of different ACPs (Fig. 1) as described in the Methods section. Amplification from genomic DNA of S. meliloti 1021 with oACP4 and oACP3 gave several unspecific products and a minor amount of a DNA fragment of the expected size of 140 bp (data not shown). This fragment was used for a second round of PCR and the fragment of the appropriate size was cloned in pET9a. Sequencing analysis of DNA from four independent clones showed that two of them, each with a DNA insert of 123 bp, had an internal region of 67 bp that differed in only one base pair. Because the two primers for PCR were degenerate, the nucleotide sequences of the two insert DNAs were slightly different in the region where the primers annealed. For plasmid pTB5013, the deduced 22 amino acid sequence corresponding to the 67 bp core region was that of amino acids 11-32 of the AcpP of S. meliloti (Platt et al., 1990) .
iPCR with the two gene-specific primers oTBC16 and oTBC18 gave a specific product from the KpnI digest of 1n5 kb. To further confirm that the iPCR product was specific, a Southern DNA hybridization was carried out using as a probe the DNA insert of pTB5013. The probe hybridized strongly with the iPCR product and genomic DNA of S. meliloti digested with KpnI gave a specific band at 1n5 kb, in agreement with the size of the iPCR product (data not shown).
The nucleotide sequences flanking the 67 bp core acpP region were obtained after sequencing of two fragments of the iPCR product of the KpnI digest (Fig. 2a) . The homologous primers oTBC19 and oTBC20 were then used to amplify the complete acpP gene from genomic DNA of S. meliloti. Three independent acpP inserts cloned in pET9a were sequenced and they all showed an identical DNA sequence for acpP. The deduced amino acid sequence is identical to that determined by protein sequencing (Platt et al., 1990) . Plasmid pTB5035 was chosen for further studies.
Cloning of the acpP gene of R. leguminosarum
The amino acid sequence of the acpP of R. leguminosarum was not known. We tried the same pair of specific primers, oTBC19 and oTBC20, designed for the amplification of the acpP of S. meliloti in a PCR reaction with genomic DNA of R. leguminosarum LPR5045. A unique and specific fragment of the expected size was obtained and subsequently cloned in pET9a. The deduced amino acid sequence differed in only three positions from that of the AcpP of S. meliloti ; these were (S. meliloti to R. leguminosarum) : E 21 D, S 24 V and G 26 S. The DNA sequences of the regions flanking the core region of acpP of R. leguminosarum were obtained using iPCR (Fig. 2b and Methods). Plasmid pTB5040 was chosen for the overproduction of AcpP of R. leguminosarum.
Analysis of the nucleotide sequences of acpP genes of rhizobia
The complete nucleotide sequences encoding AcpPs of S. meliloti 1021 and of R. leguminosarum LPR5045 together with the surrounding regions were obtained. The high level of similarity between the DNA sequences encoding S. meliloti AcpP and R. leguminosarum AcpP (86n5 %) does not extend into the surrounding areas. Using the  program, we identified a partial ORF downstream of acpP of R. leguminosarum with homology to FabF (3-oxoacyl-ACP synthase II) from different organisms. The highest similarity is to FabF from E. coli (56 % identity and 71 % similarity in an overlap of 39 amino acids). In E. coli the fabF gene is also located directly downstream of acpP (Rawlings & Cronan, 1992) . By comparison with the sequences of R. leguminosarum, we identified downstream of acpP of S. meliloti a partial ORF encoding the sinorhizobial FabF (Fig. 2a) . However, whilst in R. leguminosarum the acpP-fabF intergenic region is 92 nucleotides, in S. meliloti the intergenic region is much larger (305 nucleotides) (Fig. 2) . Downstream of both rhizobial acpP genes the typical structure of a rho-factor-independent transcription terminator was identified (Fig.  2) . The same kind of transcription terminator structures have been found downstream of the acpP genes of E. coli and of Azospirillum brasilense (Rawlings & Cronan, 1992 ; Maiti & Ghosh, 1996) . Further analysis of the intergenic region of S. meliloti revealed a complex secondary structure with several inverted repeats (shown by inverted arrows in Fig. 2a) . A  search with the acpP-fabF intergenic region of S. meliloti revealed the presence of a homologue of the mosaic sequence RIME 1 (Fig. 2a) . RIME are Rhizobium-specific intergenic mosaic elements characterized by two large palindromes (Østera/ s et al., 1995) . RIME 1 has been found in different rhizobial species while RIME 2 seems to be restricted to S. meliloti (Østera/ s et al., 1995) . In the acpP-fabF intergenenic region of S. meliloti, upstream of RIME 1 there is another mosaic element consisting of two palindromes, only one of which shows homology to RIME 2. Putative RBS were identified for acpP of S. meliloti, acpP of R. leguminosarum and fabF of R. leguminosarum (Fig. 2) . No significant similarity was observed between the DNA sequences upstream of the acpP genes of S. meliloti and of R. leguminosarum.
Optimization of overproduction of ACPs
We have amplified and cloned in pET9a the genes encoding AcpXL of R. leguminosarum (Brozek et al., 1996) and for AcpP of E. coli (Rawlings & Cronan, 1992) using homologous primers (see Methods). AcpP of E. coli is the best studied ACP and therefore it was used in our studies as a control.
The growth of strain BL21(DE3) was not affected when carrying the plasmid for overproduction of AcpXL, pTB5011. However, when carrying the plasmids expressing the constitutive AcpPs of rhizobia, pTB5035 or pTB5040, the growth rate of host strains was reduced. This result was not unexpected since the full-length acpP of Gram-negative bacteria cloned in a high-copynumber vector is unstable in the E. coli host (Rawlings & Cronan, 1992 ; Maiti & Ghosh, 1996) . Although plasmids pTB5035 and pTB5040 could be maintained in BL21(DE3), the overproduction of encoded AcpPs was very poor (data not shown). Good overproduction of AcpPs was obtained only if in addition the plasmid pLysS was present (Fig. 3a, lanes 2 and 3) . A similar effect has been described for the acpP gene of E. coli (Hill et al., 1995) . Therefore, for overproduction of the three AcpPs, BL21(DE3) carrying pLysS was always used as the host.
Using small cultures of 30 ml, the best conditions for the overproduction of each ACP were established. In all cases maximal protein overproduction occurred between 3 and 4 h after induction with IPTG (data not shown). The best yield was obtained when cultures were induced at an OD of 0n4-0n5. Induction with concentrations of IPTG higher than 0n1 mM did not give any significant increase in the protein yield (data not shown).
In vivo labelling of rhizobial ACPs with radioactive β-alanine ACPs need to be substituted with their prosthetic group 4h-phosphopantetheine in order to be functional in fatty acid\β-ketide synthesis or transfer. During biosynthesis of CoA, β-alanine is a building block and can be used as a marker to demonstrate whether CoA derivatives, like 4h-phosphopantetheine, are covalently linked to proteins. We have checked for the in vivo labelling with β-alanine of ACPs overproduced in E. coli. Cell-free extracts of OG7001(pLysS) carrying each of the overproducing plasmids or the empty vector pET9a that had been grown in the presence of $H-labelled β-alanine were analysed by PAGE and subsequent autoradiography showed the labelling of proteins with similar mobility to the overproduced ACPs (Fig. 3) . This result suggests that, for all ACPs tested, addition of the 4h-phosphopantetheine prosthetic group to apo-ACPs can be performed by an enzyme activity present in E. coli, presumably by holo-ACP synthase (AcpS) (Lambalot & Walsh, 1995) .
Purification of rhizobial ACPs
A simple purification procedure allowed us to purify the NodF protein to homogeneity in two steps (a 2-propanol precipitation followed by chromatography on DEAE-cellulose) (Ghose et al., 1996) . NodF purified in this way could be used for NMR investigations (Ghose et al., 1996) . In the case of E. coli AcpP and AcpXL of R. leguminosarum, we have established similar procedures (see Methods) that yield the respective homogeneous proteins (Fig. 4 , lanes 1 and 6, respectively). For obtaining homogeneous rhizobial AcpPs, a third step of purification consisting of preparative PAGE was required in order to separate them from the AcpP of the E. coli strain used as host for the overproduction. Samples of purified AcpP of S. meliloti and of AcpP of R. leguminosarum are shown in Fig. 4 , lanes 2 and 3, respectively. As previously described (Platt et al., 1990) , the AcpPs of rhizobia run in this system distinctly ahead of the E. coli AcpP. Also, both rhizobial AcpPs purified from the overproducing E. coli strains migrate as doublet bands in a manner similar to that found for the AcpP isolated from S. meliloti (Platt et al., 1990) .
DISCUSSION
We have sequenced the genes for the constitutive AcpPs of S. meliloti and of R. leguminosarum, as well as the areas surrounding these genes. In constrast to the high level of similarity observed within the coding regions (acpP and part of fabF), the intergenic regions are quite different in length and do not show any significant DNA similarity. Whilst in R. leguminosarum two specialized ACPs were known, AcpXL and NodF (Brozek et al., 1996 ; Shearman et al., 1986) , here we report another ACP from this organism which probably is the one responsible for the biosynthesis and transfer of common fatty acids.
Previous reports (Ghose et al., 1996 ; Epple et al., 1998) , together with the data presented here, allow for the overproduction and purification of the four different ACPs described in rhizobia. Since AcpP of E. coli is the best studied ACP, we have also cloned and expressed this AcpP in an analogous way. The availability of the four different rhizobial ACPs, each with a different biological function, should help to unravel how the different fatty acids are directed towards different biosynthetic pathways in one organism. Of special interest will be the study of the distinct ACP substrate specificities of NodA proteins. The nodulation protein NodA seems to be involved in the central step of the biosynthetic pathway leading to lipo-chitin oligosaccharide signal molecules in rhizobia (Atkinson et al., 1994 ; Ro$ hrig et al., 1994) . It is thought that NodA transfers an acyl residue from an ACP to a Ndeacetylated chitooligosaccharide. Different rhizobia seem to have different preferences as to the nature of the fatty acyl residue they transfer to the chitooligosaccharide backbone (Debelle! et al., 1996 ; Ritsema et al., 1996) . NodAs from some rhizobia seem to transfer preferentially the nodFE-dependent fatty acids (R. leguminosarum and S. meliloti) or 1ω-hydroxylated fatty acids (S. meliloti). These fatty acids are known to be synthesized and carried on the specialized ACPs NodF and AcpXL, respectively. The selectivity of the NodA proteins can be explained either by a specific recognition of the respective fatty acids or, more likely, by a specific protein-protein interaction with the specialized ACP carrying such a fatty acid. It has been shown that acyl-AcpP from E. coli (but not free fatty acids) can function as an acyl donor in NodA-directed fatty acid transfer (Ritsema et al., 1997) , suggesting that NodA might interact with ACP for the transfer of the fatty acid. A more detailed study of NodA specificity will now be possible using the functionally different ACPs of rhizobia.
Post-translational modification with 4h-phosphopantetheine is required to render ACPs functionally active in fatty acid biosynthesis. The in vivo labelling experiment with β-alanine indicates that the post-translational modification of adding the prosthetic group to the apoform of the different rhizobial ACPs can be performed by an enzyme activity present in E. coli. However, the in vivo substitution of the overexpressed ACPs is in no way complete (Fig. 3a, lanes 1 and 5) . Purified holo-ACP synthase (AcpS) of E. coli (Lambalot & Walsh, 1995) is able to transfer in vitro 4h-phosphopantetheine to the specialized rhizobial ACPs NodF (Ritsema et al., 1998) and RkpF (Epple et al., 1998) . To quantify the in vitro reaction between apo-ACPs and AcpS, we are presently determining the kinetic constants (K M , k cat ) for each one of the rhizobial ACPs as substrates.
To use ACPs in biochemical studies, the holo-ACPs should be thioesterified to particular fatty acyl residues (or modified fatty acyl residues). We are presently carrying out different studies in order to establish a feasible and (if possible) general method for the acylation of all the ACPs described here. A chemical method for acylation of ACPs has been described (Cronan & Klages, 1981) , but preferably, simpler enzymic methods should be used. Acyl-ACP synthetase (Aas) of E. coli is the enzyme that can acylate E. coli AcpP (Ray & Cronan, 1976) . AcpP from S. meliloti functions as effective substrate for E. coli Aas (Platt et al., 1990) , whilst NodF is not a good substrate for the E. coli Aas (Ritsema et al., 1998) . Therefore, it seems that E. coli acyl-ACP synthetase has a substrate specificity that is narrower than that of E. coli AcpS and can only be used for acylation of constitutive ACPs. The Vibrio harveyi acyl-ACP synthetase seems to have a broader specificity than its E. coli counterpart (Fice et al., 1993 ; Shen et al., 1992) . It will be interesting to see if the V. harveyi enzyme can acylate the specialized ACPs of rhizobia.
Another enzymic approach might be to use E. coli AcpS for loading altered phosphopantetheine moieties, from CoA analogues, directly to the apo-ACP. Such a method has been successful in the preparation of acylated derivatives of Streptomyces ACPs (Gehring et al., 1997) .
